Detection of ammonia based on an all-fiber configuration is reported. The system consists of a hollowcore photonic-bandgap (HC-PBG) fiber with 20µm core diameter and transmission window from 1490 to 1680nm. Absorption bands of ammonia at ~1538nm are targeted using a supercontinuum source with central wavelength at 1550 nm. We present the method of achieving a complete fiber system while addressing the gas entry/exit path through the HC-PBG. Analysis of the ammonia absorbance in the fiber with respect to fiber length and response time is investigated. By operating in the near infrared, we demonstrate how the proposed system addresses several challenges associated with fiberbased gas-sensing, using readily available commercial components.
INTRODUCTION
Ammonia is the most abundant alkaline gas in the atmosphere and although ammonia is necessary for the growth of plants and crops, an excess of it causes environmental pollution and is a precursor for the formation of particulate matter and acidification 1 . The primary source of ammonia in the atmosphere is from agriculture; through intensive livestock farming, fertilizer production and natural decomposition of manure. Ammonia levels in the atmosphere can be very low, reports show the level of ammonia above oceans are in sub-parts per billion (ppb) level 2, 3 , but concentrations at areas of intensive farming go as high as 10ppm or more 3 . Therefore any sensor aimed for monitoring ammonia in such environments will require high sensitivity. There are a number of ways to detect ammonia in high concentrations, even though the human nose is very sensitive to ammonia and can sense the pungent smell at concentrations from 5 ppm in open atmosphere 4, 5 , it fails to detect lower concentrations 2, 6 . Therefore, a different method is necessary to detect lower concentrations of ammonia in the atmosphere than 5 ppm.
Gas sensing technology is certainly not a new research area; many articles have been published on various gas sensors for various applications such as automobile gas emission monitoring 7, 8 , fire alarms 9 , inspection of dairy products for food industries 10 , etc. Most of these gas sensors are developed to target specific gases and although some of the sensors have reached commercialization, they still lack the ability for monitoring other gases such as ammonia. For example, sensors used for fire and smoke detectors are mostly based on photoelectric or air ionization effects-where a change in the density of air in the gas chamber triggers the alarm. Oxide semiconductors have been widely studied for gas sensing, and a major setback has been the issue of selectivity 11 and operational temperature. In attempts to increase the selectivity, dopants and additives have been used to modulate the selectivity to some extent 11, 12 but the operational temperature still goes as high as 300 °C for detection at 1000 ppm level 11 . A more versatile, highly sensitive and selective system is necessary for the detection and monitoring of ammonia in the atmosphere. Gas absorption spectroscopy offers a strong advantage in terms of selectivity. By utilizing the unique absorption spectrum of molecules, it is possible to target a specific gas, and the sensitivity of the system can be improved by enhancing the light-matter interaction. To this end, Hollow-Core Photonic Band Gap (HC-PBG) fibers have attracted huge attention by virtue of their promise to deliver a unique range of optical properties that are simply not possible with conventional solid core fiber types. [13] [14] [15] [16] In HC-PBG fibers, over than 99% of the power in the optical mode is confined within the hollow core. This gives the provision of ultralow (a tunable) optical nonlinearity, excellent power handling capabilities, low latency, and even offers the prospect of ultralow losses, both at conventional wavelengths (e.g., around 1550 nm) and at longer wavelengths into the mid-IR where solid core silica fibers fail 17 . Above all, the possibility of light-matter interaction within the core of these fibers (both HC-PBG and antiresonant) is of great importance for gas sensing applications. This technology has also recently enabled their use for extreme gas-based nonlinear optics covering the extreme ultraviolet up to mid-IR spectral region [18] [19] [20] [21] .
In this paper, we demonstrate the detection of ammonia using a commercial HC-PBG fiber and investigate the absorbance of ammonia in different lengths of the fiber and also the gas filling time. The proposed system is based on an all-fiber configuration thus enhancing its robustness, while mechanical splices are used for the gas entry and exit point between the HC-PBG and single mode fibers. The system was found to exhibit highly repeatability and it has a response time of < 5 seconds under only 0.5 bar pressure above the atmospheric pressure. The system can be readily tuned to target other polyatomic gas molecules with absorption bands in the near IR.
EXPERIMENTAL SETUP AND METHODOLOGY
A commercially available 19-cell HC-PBG fiber (NKT Photonics A/S) was used during the experiment. After cleaving, the facet of the fiber was inserted in a ferrule to allow only a small part to extrude out, as shown in figures 1(i) & (ii). One end of the HC-PBG is mechanically spliced to the SC laser source with a ferrule-mating sleeve (details of the SC laser are reported in our previous study 22 ). The connectorization is done by carefully placing the cleaved fiber ends into the ferrule, and glued at the end to provide mechanical strength, the ferrules are then matted with a mating sleeve and both procedures were performed under an optical microscope for better precission. The sleeve has a slit of about 500 µm, where gas diffuses into the fiber. The other end of the HC-PBG fiber was connected to a spectrometer for spectral analysis. Nitrogen gas was used as reference/purge gas because it has no absorption in the near IR. The two ends of the hollow core fiber are inserted in a ferrule. The core diameter is ~20 µm and total fiber diameter is ~125µm. The two ferrules are matted together with a mating sleeve (iii) Sleeve has an opening of ~550 µm for gas passage.
For every measurement, nitrogen gas was used to neutralize the system prior to recording of the background measurement. Ammonia gas was then passed and the absorption spectrum was recorded for every case. During the data acquisition, the pressure was maintained fixed at 1 atm, to ensure ammonia molecules in the fiber are not compressed. This cycle repeated several times for each fiber length and the average response is finally taken. Figure 2 : Schematic of the all-fiber ammonia sensing. An SC laser with central wavelength at 1550 nm is mechanically spliced (MS1) to an HC-PBG fiber. Ammonia gas is passed through a gas cell into the entry splice point, to create a pressure difference. A spectrometer is used to analyze the result. Nitrogen gas (N2) is used as the background/purging gas.
The spectrum was recorded with an ocean optics spectrometer (NIRQuest512) and the output power at the end of the hollow core fiber (with nitrogen filled) was set to ~1 mW to avoid device saturation.
4: RESULTS AND DISCUSSION
The governing theory for absorption spectroscopy is embodied in the Beer-Lambert law 17 . The law states that the ratio of the Intensity of transmitted light (I) and initial reference intensity (I 0 ) of laser radiation is
exponentially related to the concentration of the gas, path length and the molar absorptivity of the gas. This is denoted as:
Where I and 0 are the transmitted and initial laser radiation respectively, c stands for the concentration of the absorbing medium (gas) units in M (mol/L), ε( ) stands for the wavelength dependant molar absorptivity of the gas (in L/mol.cm), L is the path length for the light-matter interaction (in cm). From Eq. 1, it is clear that increasing the length of the fiber allows the detection of lower concentrations of gas, as previously demonstrated in polymer fibers 18 . In our work, the lengths of the fiber were varied from 45 cm to 15 cm, the filling time was found to be about 8 seconds for the 45 cm length, and <5 seconds for the 15 cm long fiber. The absorbance of ammonia in the fiber is determined as:
Where is absorptivity (as a given wavelength), c is the concentration and l stands for the path length or fiber length. Additionally, we can see from the results that the standard deviation in the absorbance for shorter lengths of fiber were higher than in longer lengths which invariably indicates that at long fiber lengths, there is higher light interaction with volatile ammonia molecules, and thus the accuracy of the absorbance was higher. The quenching is important in establishing a threshold for measurements, where different wavelengths are used to target multiple gasses. 14 
CONCLUSION
In conclusion, a compact all-fiber system that constitutes an HC-PBG is used for detection of trace ammonia molecules. The PBG fiber with central transmission band at 1550 nm is used to target the V1 +V3 ammonia absorption band in the near IR regime (1538 nm). Using a homebuilt supercontinuum source, spectrum analyzer, a telecom SMF-28 fiber, ferrule and mating sleeves, a compact all-fiber system is proposed that allows for effective gas detection. The enhanced light-gas interaction in the 20 µm core PBG fiber core allows for accurate monitoring of the ammonia based on absorption spectroscopy. The proposed system is robust, cost-effective and based on readily available commercial components which proffer solutions to the challenges faced in existing gas sensors. Ammonia molecules were detected in less than 5 seconds response time using a few meters of PBG fiber with high repeatability compared to hitherto techniques. Experiments on sensitivity and limit of detection for 45 cm length HC-PBG is envisaged in future works.
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